A specific method is described for selecting thermosensitive mutants ofEscherichia coli K-12 able to grow on 2-keto-3-deoxy-i-gluconate (KDG) and D-glucuronate at 28 but not at 42°C. The extensive analysis of one such mutant is consistent with the conclusion that the carrier molecule responsible for KDG and glucuronate uptake becomes thermolabile. (i) Growth on a variety of carbon sources is perfectly normal at 28 and 42°C, whereas in the same temperature range it gradually diminishes on KDG and glucuronate. (ii) The apparent Km value for KDG is about twofold higher for the mutant than for the wild-type strain, and the Km for glucuronate increases about threefold in the range 25 to 40°C. In the same temperature range, the V,ax values for KDG influx are higher for the mutant compared with those of the wild-type strain, but the optimum temperature is 34°C instead of 38°C. On the contrary, the Vmax values for glucuronate influx are lower for the mutant than for the parental strain, and the optimum temperature for both strains is shifted beyond 40°C. (iii) The activation energies for KDG and glucuronate uptake are about twofold higher in the mutant than in the wild-type strain. (iv) Kinetics of counterflow under deenergized conditions (overshoot) at different temperatures indicate that the defect is located in the translocation step rather than in the processes involved in energy coupling. (v) The first-order rate constants for thermal denaturation are, respectively, 2.5-and 5-fold higher at 40 and 30°C in the mutant than in the wildtype strain, and the activation energy for thermal denaturation is lower. (vi) The carrier molecule in the mutant is also much more sensitive to denaturation by N-ethylmaleimide. (vii) Four independent thermosensitive mutations and one revertant were located by transduction in or near the kdgT locus, defined previously as the site of nonconditional KDG transport-negative mutations. These results support the conclusion that kdgT represents the structural gene coding for the KDG transport system.
MATERIALS AND METHODS Bacterial strains. The relevant genetic markers and origin of the strains used are listed in Table 1 . They are all E. coli K-12 derivatives (thiamine auxotrophy). Genetic symbols are according to Bachmann et al. (2) . In addition, exuT is the presumed structural gene for the hexuronate transport system (step 1, Fig. 1 ) (13) , and kdgT(Ts) designates the kdgT allele responsible for the synthesis of the thermosensitive KDG transport system.
Medium and growth conditions. Bacteria were grown aerobically in medium 63 (20) supplemented with thiamine-hydrochloride(0.5 ,g/ml) and amino acids (100 ,ug/ml). Since growth temperature is a critical parameter, it is specified for each experiment. Except when stated otherwise, glycerol (4 mg/ ml) was used as a carbon source. Growth on solid media was as reported previously (17 Genetic techniques. Conditions for crosses between Hfr and F-minus strains and for the transduction with phage Plkc were as described by Miller (12) and are detailed elsewhere (16) .
Uptake experiments. Glycerol-grown cells in the exponential phase were washed free from the source and suspended in medium 63 (pH 7.0) supplemented with chloramphenicol (50 ,ug/ml). Details for conducting uptake studies were as given previously (7) (8) (9) . Specific modifications concerning the assay temperature and substrate concentrations are described in the figure legends. Care was taken to wash the membrane filters with isotonic and isothermal medium 63.
Selection for thermosensitive transport mutants and derivative strains. The principle governing the selection of kdcgT mutants unable to take up KDG was detailed previously (17) . We adopted the same method for selecting kdgT(Ts) mutants. Strains PA3 (kdgP3 kdgA2) and PA3U9 (kdgP3 kdgA2 exuT9) synthesize the KDG constitutively as a result of a mutation in the operator gene kdgP (17) . However, because of the additional lack of KDGphosphate aldolase, these strains (genotype: kdgA) are unable to grow on glycerol plus KDG because KDG is converted into KDG-phosphate, which accumulates inside the cells and is toxic (17, 19 (17) . Among them, the presumed thermosensitive mutants PAT1, PAT2, PAT3, and PAUT4 (Table 1) were selected as exhibiting the "poisoned" phenotype glycerol-KDG-at 28°C.
Strains PUT4 and PU9 were derived from strains PAUT4 and PA3U9, respectively, by transducing the kdgA+ allele (step 6, Fig. 1 ), using phage P1 made on the wild-type strain P4X, and selecting gluconate+ transductants (15, 17) .
To prevent the subsequent conversion of accumulated substrate through step 5 ( Fig. 1) (Fig.  1) . kdgT(Ts) as well as kdgK(Ts) mutations can lead to such a phenotype ( Fig. 1 ) (17), but both classes can be differentiated on the basis of their growth phenotypes on glucuronate and galacturonate (17, 19) as well as by the KDGkinase assay. Four presumed kdgT(Ts) mutants were selected, but we analyzed only the one that carried the mutation kdgT4(Ts) and which was derived from strain PA3U9 ( Table   1) .
We compared the ability of the wild-type strain PU9 (kdgT+), the thermosensitive mu--tant PUT4 [kdgT4(Ts)], and the revertant T4-r3 [kdgT4(Ts)r3] to grow on KDG and glucuronate at different temperatures in liquid cultures. The three strains are kdgA+ transductants derived from strains PA3U9 and PAUT4, respectively ( Table 1 ), so that the enzymes KDG-kinase (step 5, Fig. 1 ) and KDG-phosphate aldolase (step 6, Fig. 1 ) are functional. The doubling times on KDG and glucuronate decreased for the wild-type PU9 but increased for the thermosensitive mutant PUT4 when the growth temperature was raised from 25 to 400C (Fig. 2) . The behavior of revertant strain T4-r3 was similar to that of parental strain PU9. In contrast, the three strains grew well at 28 or 420C on the following carbon sources: (i) lactose, glucose, galactose, rhamnose, fructose, maltose, mannose, xylose, and mannitol; (ii) gluconate, fructuronate, and tagaturonate; (iii) glycerol, succinate, fumarate, malate, acetate, and lactate. These results indicate that the inability of thermosensitive mutant PUT4 to grow at high temperature is restricted to KDG and glucuronate, the two substrates that are specifically transported by the KDG transport system (7, 8) . The absence of pleiotropic effects caused by the mutation in the mutant PUT4 excludes the possibility of damage in the bacterial cell envelopes leading to unusual leakiness or of an enzyme of the hexuronate pathway, or alternatively for some step in the energy-yielding metabolism, becoming thermosensitive. As a result of this preliminary screen- Mapping of the thermosensitive mutations. All negative mutations leading to the loss of KDG transport activity were previously located in a single locus, kdgT, adjacent to the operator gene kdgP, cotransducible with the markers rhaD, ptk, glpK, metB, and argH (17) . The cotransduction fiequencies between glpK and the thermosensitive phenotype of mutants PAT1, PAT2, PAT3, and PUT4, and the wildtype phenotype of the parent PU9 and of the revertant T4-r3, are listed in Table 2 . Since the recipient P146 carries the wild-type exuT+ allele and is thus able to use glucuronate through the specific hexuronate transport system (13), the thermosensitive phenotype of the btnaductants can only be observed on KDG (experiments 1 through 3). obtained by transduction from PA3U9 and PAUT4, respectively. Cells were grown on glycerol at a permissive temperature (30°C), and the kinetics of KDG and glucuronate uptake were followed at several assay temperatures (Fig. 3) . Initial rates of uptake were measured to obtain Vmax and K.n values. At 25°C the parental strain PAUK1 and the thermosensitive mutant PAUKT4 took up KDG at about the same rate, indicating that the synthesis and insertion of the carrier into the membrane occurred normally during growth at low temperature (30°C). When the assay temperature was raised, Vmax values for KDG increased up to 34WC and then decreased abruptly in the mutant; for the parental strain the optimum temperature was 38°C. Between 25 and 40TC, Vmax values for KDG in the mutant were generally found to range above the corresponding Vmax values for the parent. The accuracy of the method did not permit detection of variation of the Km for KDG with temperature, but it was slightly higher in the mutant PAUKT4 (Km = 1.2 mM) than in the wild-type PAUK1 (Km = 0.8 mM).
The situation with respect to glucuronate uptake appears somewhat different. The optimal temperature for uptake is shifted beyond 400C in both strains. Evidence for a reduced ability to take up glucuronate in the mutants PAUKT4 compared with that of the parent PAUK1 can be deduced from the fact that the Vmax values are lower and the Km values increase with temperature. The experimental activation energies calculated from Fig. 3 are 19 and 10 kcal/mol for strains PAUKT4 and PAUK1, respectively, for KDG uptake and 14 kcal/mol for strains PAUKT4 and PAUK1, respectively, for glucuronate uptake.
The differences in Vma. and Km values and activation energies between the parental strain PAUK1 and the thermosensitive mutant PAUKT4 can be explained if it is assumed that for increasing temperature the carrier molecule involved in the translocation of KDG and glucuronate gradually loses its native structure and, consequently, its affinity for ligands and/ or its mobility within the membrane.
Thermosensitive overshoot. Counterflow in the absence ofenergy, called overshoot (6, 22 ) is a classical experiment that strongly suggests the participation of a mobile carrier in the overall translocation of a substance. Homo-and hetero-overshoot were demonstrated previously for KDG and glucuronate in strains carrying the wild-type allele kdgT (9) . Similar experiments were performed with the mutant PAUKT4 and the wild-type PAUK1, the assay temperature being the only varying parameter. Two main differences can be observed between the strains (Fig. 4) . (i) When the temperature is raised, the initial rates of KDG uptake increase in the wild type but decrease in the mutant. However, the maximal internal substrate concentrations that can be reached are similar in both strains. (ii) The overall plots of kinetics (Fig. 3) , we have no a priori indication that it is correct (see Discussion). Nonetheless, the occurrence of marked thermosensitive overshoot in mutant PAUKT4 is in agreement with the view that the responsible mutation does affect the translational movement of the carrier and not the components or mechanisms involved in x the coupling to energy under normally energized conditions.
Kinetics of thermal denaturation. In experiments depicted in Fig. 5 , the kinetics ofthermal denaturation at several temperatures were fol-, lowed in the mutant PAUKT4 and the wild-t type PAUKl (at pH 7.0). Rates of denaturation follow classical first-order kinetics up to 10% residual transport activity. At 40°C, the halflife in the mutant PAUKT4 (3 ± 0.5 min) is e about 2.5-fold shorter than in the parent PAUK1 (7.5 ± 0.5 min). The first-order rate constants (kdenat) have the same value whether .c the transport activity is measured with KDG or f" E glucuronate as a substrate. This finding I strongly suggests that a single component mediates the fluxes of both substrates and is simi-X larily denaturated at high temperature. Denaturation is irreversible since the incubation of any strain at 40°C for 20 min followed by a 60-min incubation at 0°C never leads to the recovery of the initial transport activity.
Arrhenius plots shown in Fig. 6 give the experimental values for the activation energies of the denaturation process: 42 kcal/mol for the a mutant PAUKT4 and 62 kcal/mol for the wildtype PAUK1. The difference is consistent with the conclusion that the structure of the carrier in the mutant is more susceptible to heat denaturation.
Inactivation by N-ethylmaleimide. We showed previously that the KDG transport system can be inactivated by thiol reagents such as p-chloromercuribenzoic acid and N-ethyl-. maleimide (7, 8 shuttling of the active sites (11, 14) . Unspecific 4s0 (Table 2) , which was defined previously as the site of totally negative mutations (17) . As the dual thermosensitive phenotype (on KDG and glucuronate) was transferred in all cases examined, the results attest the uniqueness of the KDG transport system. The evidence, as a whole, supports the conclusion that kdgT is the structural gene coding for the components of the KDG transport system.
The sharper plots of overshoot kinetics (Fig.   4 ) and the higher Vma, values for KDG influx (Fig. 3) found in the mutant PAUKT4 compared with those of the wild-type PAUK1 are difficult to interpret. We studied isogenic strains with respect to the operator-constitutive kdgP mutation and auxotrophies; it appears likely that the difference cannot be ascribed to a modification of the carrier concentration due to a different level of constitutivity, or to sensitivity to catabolite repression. Although the Vma., parameter is proportional to the carrier concentration, it also depends upon the rate constants for diffusion of the free carrier and of the carrier-substrate complex within the membrane. Therefore one plausible reason for the enhancement of the Vmax values found in the mutant with KDG as a substrate would be an increased mobility of the carrier protein in the membrane when complexed to KDG but not to glucuronate. This intriguing point deserves additional analysis. In addition, the use of unsaturated fatty acid auxotrophs (11) in which the lipid phase and the fluidity of the membrane can be monitored should facilitate the understanding of the carrier-lipids interactions.
